Abstract The authors describe a disposable electrochemical immunosensor strip for the detection of the Japanese encephalitis virus (JEV). The assay is based on the use of a screen printed carbon electrode (SPCE) modified with carbon nanoparticles (CNPs) that were prepared from starch nanoparticles and deposited on the SPCE working electrode whose surface was functionalized with 3-aminopropyl triethoxysilane. Next, antibody of JEV was immobilized on the surfaces of the CNPs. The analytical performance of immunosensor strip was characterized using cyclic voltammetry (with hexacyanoferrate as the redox probe) and electrochemical impedance spectroscopy. The deposition of CNPs enhances the electron transfer kinetics and current intensity of the SPCE by 63% compared to an unmodified SPCE. Under optimized conditions, the calibration plot is linear within the 5-20 ng·mL −1 JEV concentration range, the limit of detection being 2 ng·mL −1 (at an S/N ratio of 3), and the assay time is 20 min. This immunosensor strip was successfully applied to the detection of JEV in human serum samples. It represents a cost-effective alternative to conventional diagnostic tests for JEV.
Introduction
Japanese encephalitis virus (JEV) is a member of the genus flavivirus of the family Flaviviridae which is closely related to dengue, yellow fever and West Nile viruses [1] . JEV is known to cause mortality rates as high as 40%, and with 30 to 50% of survivors suffering from severe neurological sequelae [2] . There are approximately 35,000 clinical cases of JEV and 10,000 mortality cases reported annually in the southern and eastern Asia [3] . Rapid detection of JEV infection is crucial for timely diagnosis and treatment of JEV patients, as well as effective control of JEV outbreak.
Conventional diagnostic methods for JEV infection include enzyme-linked immunoglobulin assay (ELISA) [4] , reverse transcription polymerase chain reaction (RT-PCR) [5] , plaque reduction neutralization test (PRNT) [6] and virus isolation [7] . However, these methods are tedious, require expensive equipment and specialized skills to operate and they are time consuming [8] . Since most of the JEV cases happen at rural settings in Southern and Eastern Asian countries, where diagnostic laboratory facilities are very limited, a portable diagnostic system that can provide point-of-care, rapid, sensitive and economical diagnosis is highly desirable.
Electrochemical biosensors based on screen printed carbon electrode (SPCE) have attracted intense attentions as diagnostic tools as they are disposable, portable, rapid and produce comparable results as conventional methods. SPCE based electrochemical biosensor system have been reported for cancer biomarker detection [9] , uric acid sensing [10] , amyloid beta biomarker for Alzheimer's disease diagnosis Electronic supplementary material The online version of this article (doi:10.1007/s00604-016-2029-7) contains supplementary material, which is available to authorized users. [11] , and mucin 1 protein tumor marker detection [12] . Many researchers have attempted to enhance the detection sensitivity and response time of SPCE by incorporating nanoparticles onto the surface of SPCE working electrode. Nanoparticles provide very high surface area to volume ratio, which leads to substantial increase in the loading of recognition elements on the electrodes and more efficient electrons transfer, and in turn enhances the sensitivity of the biosensors [13] .
Gold nanoparticles have been widely studied for the fabrication of biosensors due to their convenient labeling with biomolecules [12] . However, the high cost of gold precursor has limited its use. Carbon-based nanostructured materials such as carbon nanotube (CNT) and graphene have been extensively studied for the fabrication of electrochemical biosensors applications due to their excellent electrochemical properties, ultra-light weight and excellent chemical stability [14] [15] [16] . However, the synthetic methods required for CNT and graphene are complicated, and commercially available CNT and graphene are very expensive.
Few studies on electrochemical biosensors for JEV detection have been reported. Li and co-workers [16] 
Instruments
The absorption spectra of the samples were measured with a UV/Vis Spectrophotometer (Shimadzu UV-160A, www. shimadzu.com). Fourier Transformed Infra-Red (FTIR) spectra of samples were obtained from KBr/sample pellets within the wavenumber range of 400-4000 cm −1 using a FTIR spectrometer (Thermo Scientific, Nicolet iS10, www.thermofisher. com). The morphology and particle size of CNPs were characterized using Transmission Electron Microscope (TEM) (JEOL 1230, www.jeol.co.jp). Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were performed on a Potentiostat (Princeton A p p l i e d R e s e a r c h , PA R S TAT 2 2 6 3 , w w w . princetonappliedresearch.com) using an electrolyte containing 5. . The EIS measurements were recorded within the frequency range of 0.01 Hz to 100.0 kHz.
Synthesis of carbon nanoparticles (CNPs)
CNPs were synthesized from preformed starch nanoparticles based on our previously reported methods [21, 22] . In brief, starch nanoparticles were prepared by adding drop wise, a native sago starch solution to excess absolute ethanol. Starch nanoparticles formed were subsequently converted to carbon nanoparticles by dehydration with concentrated H 2 SO 4. Typically, 2 g of starch nanoparticles were dispersed in 5 mL of ultrapure water, followed by addition of 8 mL of concentrated H 2 SO 4 . The resulting mixture was stirred for 40 min and then 40 mL of ultrapure water was added. The black carbonaceous nanoparticles produced were then collected via centrifugation (12,225×g), rinsed and dried in a vacuum desiccator for 1 day. 20 mg of carbonaceous nanoparticles were dispersed in 20 mL of 2.0 M HNO 3 , refluxed for 30 min in order to functionalize the surfaces of CNPs with the carboxylic group (−COOH) through the oxidization process. Subsequently, the solution was neutralized with NaOH solution and dialyzed against ultrapure water.
Fabrication of immunosensor strip
The schematic representation for the fabrication of CNPsmodified SPCE based immunosensor strip is illustrated in Fig. 1 . Briefly, SPCE was submerged in KOH (1% w/v) for 30 min and air-dried. Subsequently, a measured volume of 10% v/v APTES in absolute ethanol was dropped onto the surface of SPCE working electrode. The working electrode was rinsed with ethanol after 30 min, and followed by heat treatment at 120°C for 1 h. Several drops of NHS (0.05 M) and EDC (0.20 M) mixture (v/v 1:1) were added onto the working electrode surface, and followed by adding 10 μL of 100 mg·mL
CNPs in PBS and then air-dried for 2 h. 5 μL of 1.0 mg·mL −1 JEV antibody was dropped onto the CNPsmodified working electrode, and the surface was rinsed with PBS after 30 min. Finally, several drops of 1% w/v BSA in PBS were added onto the working electrode surface to block any non-specific binding sites.
JEV detection
For detection of JEV, 5 μL of JEV of various concentrations (0.1 to 20.0 ng·mL
) was dropped onto the immunosensor strip working electrode surface, incubated at 37°C for 20 min, rinsed and air-dried. The interaction of JEV with antibody immobilized on the surface of CNPs-modified SPCE working electrode was studied using EIS. The relative resistance was calculated based on Eq. (1) [23] .
where R ct (i) is the value of electron transfer resistance after the binding of JEV to JEV antibody and R ct (o) is the value of electron transfer resistance after the immobilization of JEV antibody and BSA onto CNPs-modified SPCE working electrode surface.
Results and discussion
Due to their high conductivity, inertness, low toxicity and low cost of precursor materials, CNPs were used as substrates for loading of antibody and to enhance the conductivity of the SPCE. CNPs were prepared from preformed starch nanoparticles to afford better control of particle sizes. The abundance -OH groups on the surfaces of starch nanoparticles afford easy modification for antibody immobilization. CNPs synthesized were spherical in shape with size distribution within the range of 50-130 nm in diameter (Fig. S1) . [24] . These absorption peaks were absent in the FTIR spectrum of starch nanoparticles (Fig. 2a) . Other characteristic absorption peaks at 2851 cm −1 and 2933 cm were both assigned to C-H group [25] . The carboxylic groups on the surfaces of CNPs were used to form peptide bonds with the amine groups of JEV antibody [26, 27] . There was no significant peak observed for bare SPCE (Fig. 2c) . After KOH treatment, −OH was generated on the surfaces of SPCE as evidenced by the appearance of absorption peak attributed to hydroxyl group (−OH) at 3325 cm −1 (Fig. 2d) [28, 29] . After treatment with APTES, absorption peaks attributed to -NH 2 , Si-O-C, and Si-O-Si were observed at 3382 cm , respectively (Fig. 2e) [7] . Additional new peaks at 1633 cm −1 (amide II) and 1565 cm −1 (amide I) [17] indicated the formation of amide bonds between of CNPs and APTES (Fig. 2f) . After the immobilization of JEV antibody on the surfaces of CNPs (Fig. 2g) , adsorption peaks at 1565 cm −1 and 1633 cm −1 were observed to shift slightly to 1542 cm −1 and 1632 cm −1 [30] , respectively. The analytical performance of unmodified SPCE and CNPs-modified SPCE immunosensor strip was investigated by cyclic voltammetry. As shown in Fig. 3a , a pair of reversible redox peaks were observed for both unmodified and CNPs-modified SPCE, indicating a clean and activated electrode surface, respectively. It was observed that CNPsmodified SPCE (curve ii) produced a remarkable 63% higher cathodic peak current density as compared to that of unmodified SPCE (curve i). This demonstrated that deposition of CNPs have substantially enhanced the electrical conductivity and electron transfer rate of SPCE. With the immobilization of JEV antibody on CNPs (curve iii), the peak current was observed to have decreased substantially. Electron transfer was inhibited after further blockage by BSA on inactive sites (curve iv). Eventually, with the addition of JEV, the current density was substantially reduced further, indicating the formation of insulative antibody-antigen layers (curve v).
To further understand the behavior of electrode surface, the EIS method was employed. The EIS experimental data were analyzed by plotting the Nyquist plot and Randle's equivalent circuit model [inset of Fig. 3b ] were used to fit the experimental data. This circuit includes the uncompensated resistance of the solution phase (R s ), Warburg impedance (Z w ) resulting from the diffusion of ions from bulk electrolyte to electrode surface, double-layer capacitance (C dl ), and electron-transfer resistance (R et ) which is inversely proportional to the rate of electron transfer [10] . The Nyquist plot (B) supported the resistance (R ct ) as indicated by the larger diameters of semicircular section of Nyquist plots.
As compared with the CV technique, EIS was more reliable in quantifying the interaction between different concentrations of JEV and electrode surface. R ct value generated from EIS was observed to be more sensitive towards minor changes of the electrode surface than CV. Additionally, EIS is a non-destructive technique to the electrode due to the small amplitude perturbation applied [31] . As shown in Fig. 4 with increasing concentration of JEV dropped onto the electrode surface, a thicker insulating layer was formed which led to increasing of R ct . A linear correlation equation between relative resistance and JEV concentration (ngmL . The value of regression coefficient (R2) and standard deviation (σ) were 0.99 and 0.11, respectively. The detection sensitivity (s) is defined as the alteration of relative resistance per unit concentration of JEV and the LOD is defined as 3σ/s [32] . From Eq. (2), the detection sensitivity (s) and the LOD of immunosensor strip was 0.16 ng·mL Fig. S2 (A) -(D) .
In order to assess the selectivity of CNPs-modified immunosensor strip for JEV detection, sample containing JEV negative human serum, and dengue virus were used as analytes and evaluated by using EIS. Figure 5a and b show that no substantial change in the R ct value in the presence of JEV negative human serum and dengue virus. However, the R ct value was observed to increase substantially in the presence of JEV positive human serum. Hence the immunosensor strip exhibits good selectivity for JEV in human serum.
A summary of various recently reported immunosensors for JEV detection is listed in Table 1 . A comparable method with LODs of 10 ngmL −1 had been reported [19, 33] .
However, in this work, the more cost effective SPCE was being used as an electrode, in contrast with the reported method which employed interdigitated platinum (Pt) microelectrode. Furthermore, as SPCE is disposable, crosscontamination from previous samples can be prevented. The detection range (5-20 ng·mL
) of this immunosensor strip was smaller than those of other reported methods. Nonetheless, this detection range is considered to be satisfactory for clinical diagnosis. Due to the bio-component (antibody) of the immunosensor strip, it was observed to be unstable at room temperature and it absorbed moisture from the air quickly. However, if it is stored in freezer at 4°C and dry atmosphere, the immunosensor strip was observed to be stable for a period of at least 6 months.
Conclusion
A disposable carbon nanoparticles based electrochemical immunosensor strip was fabricated for sensitive and rapid detection of the JEV. The potential applicability of this immunosensor strip in clinical diagnosis was demonstrated by detection of JEV in human serum sample. This immunosensor strip can potentially to be developed into a disposable point-of-care diagnostic tool. Compliance with ethical standards The author(s) declare that they have no competing interests. 
